Ultrathin films of Na 3 Bi on insulating substrates are desired for opening a bulk band gap and generating the quantum spin Hall effect from a topological Dirac semimetal, though continuous films in the few nanometer regime have been difficult to realize. Here, we utilize alternating layer molecular beam epitaxy (MBE) to achieve uniform and continuous single crystal films of Na 3 Bi(0001) on insulating Al 2 O 3 (0001) substrates and demonstrate electrical transport on films with 3.8 nm thickness (4 unit cells). The high material quality is confirmed through in situ reflection high-energy electron diffraction (RHEED), scanning tunneling microscopy (STM), xray diffraction (XRD), and x-ray photoelectron spectroscopy (XPS). In addition, these films are employed as seed layers for subsequent growth by codeposition, leading to atomic layer-bylayer growth as indicated by RHEED intensity oscillations. These material advances facilitate the pursuit of quantum phenomena in thin films of Dirac semimetals.
Topological Dirac semimetals (TDS) are characterized by band touching and linear energymomentum dispersion at specific locations inside the Brillouin zone, known as Dirac points. 1, 2 Graphene is perhaps the most famous example of this class of materials, a 2D TDS with Dirac points present at high symmetry K and K' points. 3 Recently, materials such as Na 3 Bi and Cd 2 As 3 have been demonstrated to be 3D TDS with two Dirac points situated close to the Brillouin zone center and possessing linear dispersions in all three momentum directions (Fig.   1a) . [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Theory predicts that quantum confinement of a 3D TDS will create a tunable bulk band gap and alternate the system between trivial insulator and quantum spin Hall insulator as a function of film thickness. 14, 15 For Na 3 Bi, this tunability requires high-quality epitaxial growth of (0001)-oriented films on insulating substrates in the ultrathin limit (few nanometers).
To date, (0001)-oriented thin films of Na 3 Bi have been grown on Si(111), Al 2 O 3 (0001), graphene, and SiO 2 /Si(001) by molecular beam epitaxy (MBE), [16] [17] [18] [19] [20] [21] [22] and their band structures have been characterized by angle-resolved photoemission spectroscopy (ARPES). In addition,
Fuhrer and co-workers have performed transport measurements in situ within their MBE chamber to avoid oxidation. [19] [20] [21] [22] Elemental Na (99.95%, Alfa Aesar) and Bi (99.999%, Alfa Aesar) are evaporated from thermal effusion sources whose growth rates are calibrated by a quartz deposition monitor. For codeposition in the adsorption-limited regime, typical deposition rates are ~2.5 nm/min for Na and ~0.17 nm/min for Bi, where the excess Na is re-evaporated due to the elevated substrate temperature (120 -170 o C). For AL-MBE growth, the substrate is at room temperature and the Na and Bi have typical growth rates of ~0.2 nm/min. The sample temperature is monitored by a transferrable thermocouple that directly measures the temperature of the tantalum sample paddle. Since Na 3 Bi will oxidize when exposed to air, most characterizations are performed in air-free environments. For in situ characterization by XPS and STM, samples are transferred from the MBE chamber into the respective systems using an ultrahigh vacuum (UHV) suitcase;
for transport characterization, samples are transferred from UHV to a glove box using a custommade UHV-compatible sample vessel that is carried into the glove box through its antechamber;
for XRD characterization, samples are transferred from UHV to the glove box and loaded into an air-free XRD sample holder to avoid air exposure during the measurement. In summary, we demonstrate that alternating layer MBE growth at room temperature can be used to synthesize uniform and continuous Na 3 Bi films on Al 2 O 3 (0001) substrates in the ultrathin regime (few nm). The morphology is greatly improved compared to codeposition of Na 3 Bi films, which grow as disconnected islands when deposited directly on Al 2 O 3 (0001). We demonstrate in-plane electrical conductance on films as thin as 3.8 nm (4 unit cells), which enables transport studies of topological and quantum phenomena in these systems. In addition, the ultrathin AL-MBE films can be used as seed layers for atomic layer-by-layer growth by codeposition in the adsorption-limited regime. These results facilitate the investigation of Na 3 Bi films in the ultrathin limit, where the effects of quantum confinement can lead to novel topological phenomena such as thickness-tunable quantum spin Hall effect.
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